The germfree mouse model of Vibrio cholerae infection can be used to judge immune responses to V. cholerae vaccine and vector strains. In the original model, a single oral inoculation was administered on day 0, a booster oral inoculation was administered on day 14, and immune responses were analyzed with samples collected on day 28. Unfortunately, immune responses in this model frequently were low level, and interanimal variability occurred. In order to improve this model, we evaluated various primary and booster V. cholerae inoculation schedules. The most prominent systemic and mucosal antibody responses were measured in mice that received a multiple primary inoculation series on days 0, 2, 4, and 6 and booster inoculations on days 28 and 42. These modifications result in improved preliminary evaluation of V. cholerae vaccine and vector strains in mice.
The germfree mouse model of Vibrio cholerae infection can be used to judge immune responses to V. cholerae vaccine and vector strains. In the original model, a single oral inoculation was administered on day 0, a booster oral inoculation was administered on day 14, and immune responses were analyzed with samples collected on day 28. Unfortunately, immune responses in this model frequently were low level, and interanimal variability occurred. In order to improve this model, we evaluated various primary and booster V. cholerae inoculation schedules. The most prominent systemic and mucosal antibody responses were measured in mice that received a multiple primary inoculation series on days 0, 2, 4, and 6 and booster inoculations on days 28 and 42. These modifications result in improved preliminary evaluation of V. cholerae vaccine and vector strains in mice.
Vibrio cholerae has a number of attributes that make it an attractive candidate for development as a vector for inducing mucosal immunity. Immune responses induced by V. cholerae are long lasting and involve both mucosal and systemic immune systems (9, 13) . Attenuated strains of V. cholerae that have been shown to be both safe and immunogenic in humans have already been developed (1, 10-12, 19, 20) . We have recently utilized the hemolysin operon of Escherichia coli to obtain secretion of large heterologous antigens in attenuated vaccine strains of V. cholerae and have shown that immunization with these vaccine vectors results in immune responses that are protective against subsequent challenge (15) . We have also recently shown that attenuated vaccine and vector strains of V. cholerae can secrete immunoadjuvants, such as the nontoxic mutant of E. coli heat-labile enterotoxin LT R192G , in vivo, resulting in boosting of immune responses against coexpressed V. cholerae antigens (17) . Additionally, we recently reported the development of a balanced lethal plasmid system, based on a complemented mutation of the glutamine synthetase gene of V. cholerae, glnA; this system permits high-level expression of heterologous antigens by attenuated vaccine and vector strains of V. cholerae (18) .
The development of V. cholerae organisms as vectors for inducing mucosal immune responses against heterologous antigens has been limited by the paucity of animal models for preliminary in vivo evaluation of V. cholerae-based vaccines. V. cholerae is a human pathogen that is unable to colonize the intestinal tracts of most animal species (14) . Rabbits have historically been used to evaluate V. cholerae immune responses; however, using the rabbit model of V. cholerae infection is time-consuming and labor-intensive (2, 4, 15) . Additionally, a neonatal mouse lethality model has been used to judge pathogenicity of V. cholerae strains (6, 14) ; however, this model cannot be used to judge immune responses because of the rapidity of death and the immaturity of the immune system of the inoculated mice. We previously reported the development of an adult germfree mouse model for evaluating vector and vaccine strains of V. cholerae (3, (16) (17) (18) . This model involves the use of 3-to 4-week-old germfree mice that are removed from their shipper and immediately inoculated with V. cholerae strains of interest. The mice are then housed under nongermfree conditions. This animal model is simple, the mice are housed and cared for under routine conditions, and the model permits the simultaneous evaluation of multiple V. cholerae vaccine strains. In our original germfree mouse model, a single oral inoculation of 250 l was administered via rigid gavage tubing on day 0, an identical booster oral inoculation was administered on day 14, and immune responses were analyzed on samples collected on day 28 (16) . Immune responses induced by this model, however, were low level, interanimal variability would occur, and inoculation-related mortality was problematic (16) (17) (18) . Improvement of this animal model would facilitate more rapid preliminary in vivo evaluation of V. cholerae vaccine and vector strains.
Colonization studies with the germfree mouse model have shown that V. cholerae organisms are present in the stools of mice for 7 to 14 days after a single oral inoculation on day 0 (3, 16, 18) , although the number of V. cholerae organisms isolated per stool pellet falls rapidly within the first 48 to 72 h after day 0 inoculation (data not shown). We therefore evaluated whether a primary vaccination series consisting of repetitive inoculations administered every 48 h for a week could result in improved immunological responses in mice that received attenuated strains of V. cholerae. Such increased immunogenicity occurs in humans who receive repetitive oral administration of the U. S. Food and Drug Administration-approved typhoid vaccine based on the attenuated Salmonella enterica serovar Typhi strain Ty21a (Vivotef Berna vaccine; Swiss Serum and Vaccine Institute, Bern, Switzerland) (5, 8) ; this vaccine is widely used in travelers, and standard administration is every 48 h for four oral doses.
We have also previously found that V. cholerae strains are recoverable from the stools of mice for only 1 to 2 days after day 14 or later booster inoculation, presumably due to increased competition from intestinal flora newly constituted after removal of mice from germfree conditions (16, 18) . Despite such transient intestinal presence, we have previously found that reinoculation on day 14 results in boosting of immune responses in samples collected on day 28 (16) . In order to evaluate the effect of additional booster inoculations on immune responses, and in order to judge optimal timing for immunological sampling, we compared two booster vaccination schedules and immune responses in samples collected 28, 42, and 56 days after day 0 inoculation.
For these experiments, we used a previously described balanced lethal plasmid system for high level expression of antigen (17) . We used an attenuated vaccine strain of V. cholerae that is auxotrophic for glutamine, Peru2⌬glnA; this strain is a nontoxic derivative of V. cholerae O1 E1 Tor C6709 (⌬attRS1 ⌬ctxAB) and contains an internal in-frame 354-bp deletion in the chromosomal glnA gene (corresponding to amino acids phenylalanine-134 to glycine-251) (18) . This strain expresses neither cholera holotoxin nor the nontoxic B subunit of cholera toxin (CtxB). Peru2⌬glnA is unable to grow in M9 minimal media lacking glutamine; this nutritional deficiency is complemented by pKEK71-NotI, a plasmid containing the S. enterica serovar Typhimurium glnA gene under the control of a highlevel sigma 54-independent promoter (7). The auxotrophy is also complemented by plasmid pTIC5, a pKEK71-NotI derivative containing a 1.8-kbp fragment that directs expression of the nontoxic B subunit (CtxB) of cholera toxin with a 12-amino-acid epitope of the serine-rich Entamoeba histolytica protein fused to the amino terminus (SREHP-12-CtxB) (16, 18) . We have previously shown that mice that receive Peru2 ⌬glnA(pTIC5) develop mucosal and systemic anti-CtxB immune responses that are more prominent than those induced by a vaccine strain of V. cholerae expressing SREHP-12-CtxB from the chromosome (18) . We inoculated mice with either Peru2⌬glnA(pTIC5) or Peru2⌬glnA(pKEK71-NotI) using various inoculation schedules and measured systemic and mucosal anti-CtxB responses at a number of time points.
Immediately upon removal of mice from the shipping container, six groups of 5 to 25 germfree female Swiss mice, 3 to 4 weeks old (Taconic Farms, Inc., Germantown, N.Y.), were orally inoculated via gastric intubation with 250-l inocula containing approximately 10 8 organisms of V. cholerae strains resuspended in 0.5 M NaHCO 3 (pH 8.0) (4). In a change from our previous model, oral inocula were administered through soft polyethylene tubing (catalogue no. 427416: internal diameter, 0.76 mm; external diameter, 1.22 mm; Intramedic Clay Adams brand; Becton Dickinson & Co., Sparks, Md.) rather than through rigid gavage tips. Prior to inoculation, Peru2 ⌬glnA(pKEK71-NotI) and Peru2⌬glnA(pTIC5) were grown in M9 minimal media supplemented with 0.05 mM thiamine (Sigma Chemical Co., St. Louis, Mo.) and 0.3 mM cysteine (Sigma) but containing neither glutamine nor antibiotics. Mice were subsequently housed in nongermfree conditions. Neither antibiotic selection pressure nor specific nutritional supplementation was implemented in vivo. Mice were divided into three groups: one cohort was orally inoculated with Peru2⌬glnA (pTIC5) on day 0, with oral booster inoculations on days 14, 28, and 42. This group is referred to as the single primary inoculation group (number of inoculated mice, 12). The second cohort of mice received primary oral inoculations on days 0, 2, 4, and 6, with oral booster inoculations on days 28 and 42. This group is referred to as multiple primary inoculation group I (number of inoculated mice, 25). The third cohort of mice received primary oral inoculations on days 0, 2, 4, and 6, with oral booster inoculations on days 14, 28, and 42. This group is referred to as multiple primary inoculation group II (number of inoculated mice, 9). Groups of control mice for each group were similarly inoculated; these animals received V. cholerae control strain Peru2⌬glnA(pKEK71-NotI), which does not express CtxB. In the single primary inoculation control group, 10 mice were inoculated with Peru2⌬glnA(pKEK71-NotI); 6 control mice were inoculated in multiple primary inoculation group I, and 9 control mice were inoculated in multiple primary inoculation group II.
Blood was collected via tail bleeds on days 28 and 42 (16). Mice were sacrificed on day 56, at which point blood was collected via cardiac puncture; bile was also collected by hepatic dissection and aspiration of gall bladder contents (16, 17) . Blood and bile samples were processed as previously described, divided into aliquots, and stored at Ϫ70°C for subsequent analysis (17) .
Serum vibriocidal-antibody titers were measured by a microassay as previously described, with the modification that Luria-Bertani broth was used in place of brain heart infusion media (16, 17) . V. cholerae O1 Peru2 was used as the vibriocidal target strain. Specific anti-CtxB immunoglobulin G (IgG) and IgA antibodies in sera were detected by using microtiter plates previously coated with ganglioside and CtxB and developed for peroxidase activity in an enzyme-linked immunosorbent assay (ELISA) as previously described (16) (17) (18) . Optical density at 405 nm was detected kinetically with a Vmax microplate reader (Molecular Devices Corp., Sunnyvale, Calif.), and plates were read for 5 min at 19-s intervals; the maximum slope for an optical density change of 0.2 U was reported as millioptical density units per minute (15, 17, 18) .
To detect specific IgA antibody responses in bile, measurements of total bile IgA were first taken as previously described; comparisons to a mouse IgA standard were made (Kappa TEPC 15; Sigma) (17, 18) . To detect specific anti-CtxB IgA antibody in bile, duplicate 200-l samples of bile containing 200 ng of total IgA in phosphate-buffered saline (PBS)-0.05% Tween 20 (PBS-T; Sigma) were added to wells previously coated with ganglioside-CtxB (17, 18) . After incubation of plates, a 1:2,000 dilution of goat anti-mouse IgA-biotin conjugate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) in PBS-T was added. The plates were tested for horseradish peroxidase activity and the optical density at 405 nm was determined kinetically as described above.
Statistical analysis for comparison of geometric means was performed for normally distributed data with the independentsample Student t test or with the Mann-Whitney U test for nonparametric data by use of SPSS for Windows 8.0 (17, 18) . Data were plotted with Microsoft Excel 7.0a and GraphPad Prism 3.0.
Mice tolerated the modified inoculation procedures and schedules well. Procedure-related mortality was lower in mice that received oral inocula through soft polyethylene tubing than in those inoculated by the use of rigid gavage tubing (data not shown). With this modification, and with a subsequent lowering of the volume of oral inocula from 250 to 125 l (6a), we have effectively eliminated inoculation-related mortality from the germfree mouse model of V. cholerae infection.
Vibriocidal antibodies were measured on serum samples collected on days 28, 42, and 56 (Fig. 1) . Vibriocidal antibodies are a measure of immune responses against V. cholerae organisms themselves and reflect the ability of V. cholerae strains to colonize the intestine. In our experiment, all groups of mice developed vibriocidal antibody responses as expected. Interestingly, the vibriocidal antibody responses did not increase over time with booster inoculations in any group of animals, perhaps reflecting the short (1-to 2-day) presence of V. cholerae organisms in the intestines of mice after a day 14 or later inoculation. The vibriocidal antibody response was, however, higher in animals that received multiple primary inoculation I then in animals that received the single primary inoculation (Fig. 1) . This increase presumably related to the higher number of V. cholerae organisms in the intestines of animals receiving multiple oral inoculations during the first week of vac-cination. Interestingly, the addition of a day 14 booster did not increase the vibriocidal antibody response in animals that received a primary multiple inoculation series; indeed, it was associated with a lower response. Compared to the response in mice that received multiple inoculation I, the vibriocidal antibody response in mice that received multiple inoculation II (with a day 14 booster) was lower on day 28 (P Յ 0.05) and day 56 (P Յ 0.05).
Specific anti-CtxB antibody responses were measured in serum samples collected on days 28, 42, and 56, and anti-CtxB antibody responses were measured in bile on day 56. The most prominent anti-CtxB IgG responses were seen in mice that received multiple inoculation I (Fig. 2) . Compared to the response in mice that received a single primary inoculation, mice that received multiple inoculation I had a statistically significant serum anti-CtxB IgG antibody response on day 28 (P Յ 0.001) and day 42 (P Յ 0.02). Similarly, compared to the single-inoculation group, more prominent anti-CtxB serum IgA responses were seen in mice that received multiple inoculation I or II (Fig. 3) ; compared to the single-inoculation cohort, mice that received multiple inoculation I had a statistically significant serum anti-CtxB IgA antibody response on day 42 (P Յ 0.02) and day 56 (P Յ 0.05).
On day 56, a statistically significant difference was detectable in the anti-CtxB IgA responses in bile among the various groups of animals that received vaccine strain Peru2⌬glnA (pTIC5) (Fig. 4) . The most prominent anti-CtxB IgA response in bile was detected in mice that received the vaccine strain in multiple inoculation schedule I; compared to the response in mice that received the single primary inoculation, mice that received multiple inoculation I had a statistically significant anti-CtxB IgA antibody response in bile (P Յ 0.05).
In summary, using the germfree mouse model of V. cholerae infection, we compared a number of oral inoculation schedules. We found that systemic and mucosal immune responses were more prominent in animals that received a primary inoculation series of four oral inoculations administered on alternate days (days 0, 2, 4, and 6) than in animals that received a single primary inoculation. This improved immunogenicity is probably related to the higher numbers of organisms in the intestinal tracts of animals that receive a primary vaccination series consisting of multiple inoculations. Additionally, building on our previous finding that a single booster oral inoculation of V. cholerae in mice increases immune responses, we found that additional booster inoculations are associated with immune responses that continue to increase over time. We   FIG. 1 . Geometric mean titers (GMT) of vibriocidal antibody responses on day 28, 42, and 56 following oral inoculation of mice with V. cholerae vaccine strains by using various inoculation schedules (the fewest mice were evaluated on day 56): single inoculation (on day 56, the number of evaluated mice was 16), multiple inoculation I (on day 56, the number of evaluated mice was 15), and multiple inoculation II (on day 56, the number of evaluated mice was 9). Mice received either control strain Peru2⌬glnA(pKEK71-NotI) or vaccine strain Peru2⌬glnA(pTIC5). Within each inoculation group, no difference was detected between mice that received Peru2⌬glnA(pTIC5) or Peru2⌬glnA(pKEK71-NotI) (data not shown), and, therefore, mean vibriocidal-antibody titers are grouped by inoculation schedule. Error bars depict standard errors of the mean for each group. ϩ, P Յ 0.01 compared to animals receiving the single primary inoculation.
FIG. 2. Serum
IgG anti-CtxB ELISA results for day 28, 42, and 56 samples from mice inoculated with V. cholerae control strain Peru2⌬glnA(pKEK71-NotI) (hatched columns) or vaccine strain Peru2⌬glnA(pTIC5) (solid columns) by using various inoculation schedules as for Fig. 1 (the fewest mice were evaluated on day 56). On day 56, the number of evaluated control mice that had been inoculated with Peru2⌬glnA(pKEK71-NotI) in the single primary inoculation group was 7, in multiple primary inoculation group I it was 4, and in multiple primary inoculation group II it was 4. On day 56, the number of evaluated mice that had been inoculated with vaccine strain Peru2⌬glnA(pTIC5) in the single primary inoculation group was 9, in multiple primary inoculation group I it was 11, and in multiple primary inoculation group II it was 5. The geometric mean plus the standard error of the mean is reported for each group. mOD, milli-optical density units. #, P Յ 0.001; ‫,ءء‬ P Յ 0.02, compared to animals receiving vaccine strain Peru2⌬glnA(pTIC5) with the single primary inoculation schedule.
detected the most prominent specific immune responses in samples collected on day 56, the last day samples were collected in this study. Interestingly, this increase was observed only for immune responses directed against an expressed antigen; vibriocidal immune responses did not increase after day 28. We also found that immune responses in mice that received booster inoculations of vaccine strains on days 14, 28, and 42 were less prominent than those in mice that received booster inoculations on days 28 and 42. Why the addition of a day 14 booster decreased immunogenicity in multiple-inoculation group II animals is currently unclear.
Based on these data, we have modified our germfree mouse model as follows: we orally inoculate mice with a primary series of V. cholerae vaccine and vector strains on days 0, 2, 4, and 6; we administer booster inoculations on days 28 and 42; and we sample immunological responses in animals on day 56. We currently administer oral inocula of 125 l. These modifications allow improved preliminary evaluation of vaccine and vector strains of V. cholerae in animals. Additional modifications to the model are currently being explored.
